Blood ejected from the left ventricle perfuses the brain via central elastic arteries, which stiffen with advancing age and may elevate the risk of end-organ damage. The purpose of this study was to determine the impact of central arterial aging on cerebral hemodynamics. Eighty-three healthy participants aged 22 to 80 years underwent the measurements of cerebral blood flow (CBF) and CBF velocity (CBFV) using magnetic resonance imaging (MRI) and transcranial Doppler, respectively. The CBF pulsatility was determined by the relative amplitude of CBFV to the mean value (CBFV%). Central arterial stiffness (carotid-femoral pulse wave velocity), wave reflection (carotid augmentation index), and pressure were measured using applanation tonometry. Total volume of white-matter hyperintensity (WMH) was quantified from MR images. Total CBF decreased with age while systolic and pulsatile CBFV% increased and diastolic CBFV% decreased. Women showed greater total CBF and lower cerebrovascular resistance than men. Diastolic CBFV% was lower in women than in men. Age-and sex-related differences in CBF pulsatility were independently associated with carotid pulse pressure and arterial wave reflection. In older participants, higher pulsatility of CBF was associated with the greater total volume of WMH. These findings indicate that central arterial aging has an important role in age-related differences in cerebral hemodynamics.
INTRODUCTION
Cerebrovascular disease (CVD) is a leading cause of death and the major determinant of disability and cognitive impairment. 1 With rapid aging of the population, the prevalence of CVD is growing. 2 However, the pathophysiologic mechanism(s), in particular the relation between the risk of CVD and age-related changes in cerebral hemodynamics, remains poorly understood. 3 Age is the most important risk factor for CVD. 4 It directly contributes to the disease pathogenesis but also the manifestation of its risk factors. 4 Blood ejected from the left ventricle perfuses the brain via central elastic arteries, which stiffen with advancing age and may increase the risk of end-organ damage. 5 The brain is a high flow, low resistance organ that is continuously exposed to the mechanical forces of cardiac pulsations. 3 In healthy young individuals, central elastic arteries (e.g., aorta and carotid artery) expand and recoil effectively within each cardiac cycle, providing a Windkessel effect to dampen hemodynamic pulsatility and facilitate a continuous blood flow in the capillaries. 6 In contrast, age-related increases in central arterial stiffness may lead to a less effective Windkessel function, enhance cerebral hemodynamic pulsatility, and thus elevate the risk of CVD. 6, 7 Indeed, population-based epidemiologic studies have shown that an age-related increase in central arterial stiffness is an important risk factor for white-matter damage and cognitive decline in older adults. 8 Previous studies of cerebral hemodynamics with age were limited by a lack of understanding of the association with central hemodynamics, particularly the dynamic relation between pulsatile changes in arterial pressure and cerebral blood flow (CBF). Accordingly, the primary aims of the present study were twofold: (1) to characterize age-related differences in pulsatile cerebral hemodynamics in healthy human subjects and (2) to determine the impact of central arterial aging on cerebral hemodynamics. We hypothesized that while total CBF decreases with age, CBF pulsatility increases due to the elevations in central arterial stiffness, wave reflection, and pressure pulsatility. In addition, given the reported differences in the risk of CVD between men and women, 9, 10 we explored sex-related differences in cerebral hemodynamics and its relation to central hemodynamics.
MATERIALS AND METHODS Study Participants
Eighty-three participants aged 22 to 80 years old (37 men and 46 women) were recruited through flyers and newspaper advertisements from the Dallas/Fort Worth metropolitan area. Subjects were rigorously screened using a 12-lead electrocardiogram, 24-hour ambulatory blood pressure, and echocardiogram to exclude cardiovascular disease. Carotid ultrasonography was performed to exclude individuals with atherosclerotic plaque or stenosis that occluded the common and/or internal carotid artery by 450%. 11 Participants were excluded with the following criteria: blood pressure (X140/90 mm Hg), fasting blood glucose (4126 mg/dL), body mass index (435 kg/m 2 ), smoking, pregnancy, and the presence or history of cerebrovascular (e.g., stroke), metabolic (e.g., diabetes), neurologic, psychiatric, or inflammatory diseases, brain damage or trauma, hypothyroidism, active alcoholism, or drug abuse. Individuals who are taking antihypertensive medications or participating in regular exercise were excluded for their potential impact on cerebral and central hemodynamics. [12] [13] [14] This study was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center and Texas Health Presbyterian Hospital Dallas, and was performed in accordance with the guidelines of the Declaration of Helsinki and Belmont Report. All subjects gave informed written consent before participation.
Procedures
Study visit 1. All data were collected in an environmentally controlled laboratory with an ambient temperature of 221C. Subjects abstained from caffeinated beverages, alcohol, and vigorous exercise for X24 hours before the study. After subjects rested in the supine position for X10 minutes, intermittent brachial cuff blood pressure was measured at least three times using an ECG-gated electrosphygmomanometer (Suntech, Morrisville, NC, USA) and averaged to obtain systolic and diastolic blood pressures. Heart rate was monitored using a 3-lead ECG (Hewlett-Packard, Palo Alto, CA, USA). Middle cerebral artery blood flow velocity was obtained using a transcranial Doppler (TCD) (Multi-Dop X2; Compumedics/DWL, Singen, Germany) and end-tidal CO 2 was recorded via a capnograph (Capnogard; Novamatrix, Wallingford, CT, USA). All of these variables were continuously recorded throughout data collection. Beat-by-beat blood pressure waveforms from the common carotid, brachial, femoral, and radial arteries were recorded continuously for 410 seconds using an applanation tonometry (SphygmoCor 8.0; AtCor Medical, West Ryde, NSW, Australia). During the tonometric measurements, a pressure sensor was directly placed on skin and pressed on the arteries at a location where the strongest pulse was felt and the vessel was well supported by an underlying bone structure. 15 Cerebral blood flow velocity (CBFV) was measured over the temporal window ipsilateral to the carotid pressure measurement using a 2-MHz TCD probe, which was fixated at a constant angle by a probe holder (Spencer Technologies, Seattle, WA, USA). The insonation depth and angle were adjusted to optimize the signal quality and strength according to a standard procedure. 16 End-tidal CO 2 and breathing frequency were monitored by a nasal cannula. During data collection, subjects were instructed to breathe normally and avoid body movement and swallow maneuvers. To ensure stable hemodynamics, intermittent brachial cuff and continuous finger blood pressures (Finapres; Ohmeda, Boulder, CO, USA) were recorded throughout data collection. Arterial blood pressure and CBFV waveforms were inspected visually to obtain high quality signals and to exclude artifacts. Arterial blood pressure and CBFV waveforms were collected with a sampling frequency of 1,000 Hz and analyzed offline using the data analysis software (Acknowledge, BIOPAC Systems, Goleta, CA, USA & DADiSP, Newton, MA, USA). Carotid-femoral (cfPWV) and carotid-radial pulse wave velocities (i.e., measures of central and peripheral arterial stiffness, respectively) and the tonometric indices of carotid pulse wave were recorded using a standard procedure described in detail elsewhere (SphygmoCor 8.0, AtCor Medical). 17, 18 Study visit 2. On a separate day, participants underwent a magnetic resonance (MR) imaging (MRI) after abstaining from caffeinated beverage, alcohol, and vigorous exercise for X24 hours. There were 29 ± 34 days between study visits 1 and 2. The MRI data were collected by a 3T MRI system (Philips Medical Systems, Best, The Netherlands) using an 8-channel transmit/receive head coil. Four imaging protocols were performed. First, a 3D time-of-flight MR angiographic image of neck vessels was collected with the following parameters: repetition time ¼ 23 ms, echo time ¼ 3.5 ms, flip angle ¼ 181, field of view ¼ 160 Â 160 mm, number of slices ¼ 47, resolution ¼ 0.3 Â 0.3 Â 1.5 mm 3 , a venous saturation slab placed above the imaging slab, and scan duration ¼ 1 minute 15 seconds. An imaging plane for 2D phase-contrast MRI (PC-MRI) was determined using the coronal and sagittal maximum-intensity projections of the time-of-flight MR angiographic image. Care was taken to select the imaging plane at the straight and perpendicular portion of vessels above the bifurcations of internal and external carotid arteries and below the bends of vertebral arteries (Supplementary Figure S1a ). Second, nongated PC-MRI was collected four times at different stages of the cardiac cycle (time interval ¼ 6.5 seconds) and averaged to generate a single image. The acquisition parameters of PC-MRI were as follows: repetition time ¼ 20 ms, echo time ¼ 6.9 ms, flip angle ¼ 151, field of view ¼ 230 Â 230 mm, resolution ¼ 0.45 Â 0.45 mm 2 , slice thickness ¼ 5 mm, maximum velocity encoding ¼ 80 cm/s, and scan duration ¼ 30 seconds. Third, magnetization-prepared rapid acquisition gradient echo images were acquired with the following parameters: repetition time ¼ 8.1 ms, echo time ¼ 3.7 ms, flip angle ¼ 121, field of view ¼ 256 Â 256 mm, number of slices ¼ 160 (no gap), resolution ¼ 1 Â 1 Â 1 mm 3 , SENSE factor ¼ 2, and scan duration ¼ 4 minutes. Fourth, fluidattenuated inversion recovery images were collected using the following parameters: repetition time ¼ 11,000 ms, echo time ¼ 125 ms, inversion time ¼ 2,800 ms, field of view ¼ 230 Â 230 mm, number of slices ¼ 64 (no gap), slice thickness ¼ 2.5 mm, resolution ¼ 0.45 Â 0.45 mm 2 , SENSE factor ¼ 2, and scan duration ¼ 3 minutes 40 seconds.
Data Analysis
Carotid pressure waveform obtained by applanation tonometry was calibrated to brachial blood pressure using a standard procedure described in detail elsewhere. 19, 20 Briefly, beat-by-beat recording of brachial arterial pressure waveform was first calibrated to systolic and diastolic brachial blood pressures measured by electrosphygmomanometer. Brachial mean arterial pressure was calculated from area under curve of the brachial arterial pressure waveform. Carotid pressure waveform was then calibrated to brachial mean and diastolic blood pressures.
Carotid pulse wave analysis was performed to measure the timing and magnitude indices of the reflected pressure wave (Supplementary Figure S2 ). Specifically, left ventricular ejection time (LVET), time to inflection point (T R ), augmented pressure, and augmentation index (AIx) were obtained. Because heart rate influences the relative timing of reflected pressure wave that collides with an incident pressure wave during systole 18 and advancing age prolongs LVET, 19 relative inflection time was calculated by dividing T R by LVET times 100. 21 Carotid-femoral and carotid-radial pulse wave velocities were calculated using a standard procedure described in detail elsewhere. 17, 18 Cerebral hemodynamic data were analyzed in both the mean and pulsatile components. The former was obtained from total CBF and timeaveraged CBFV measured by PC-MRI and TCD, respectively. The pulsatile component of CBF was estimated from the waveform of CBFV recorded by TCD. To minimize the baseline effect of mean CBFV on the pulsatile indices of CBF, the following procedure was performed. First, continuous CBFV waveforms, consisting of B10 cardiac cycles without artifact, were extracted with the simultaneous recordings of carotid arterial pressure. Second, timeaveraged CBFV was used to rescale the waveform in percentage (CBFV%). The main rationales to normalize CBFV were twofold: (1) age-related reduction in the mean CBF or CBFV may confound the interpretation of the concurrent alterations in CBF pulsatility 22, 23 and (2) the waveform contour of CBFV resembles that of volumetric flow. 6 The pulsatile indices of CBF were calculated from the following equations: Phase-contrast MRI data were analyzed using a region of interest (ROI) method described in detail elsewhere. 24 Briefly, ROIs were manually drawn on each of the bilateral internal carotid and vertebral arteries using the magnitude images. Vessel masks generated from the magnitude image (Supplementary Figure S1b) were then applied to the phase image (Supplementary Figure S1c ) to obtain mean blood flow velocity in each of the arteries. Cerebral blood flow was calculated by multiplying mean blood flow velocity by area of the corresponding vessels and added together to obtain total CBF. Total CBF was corrected for individual differences in the brain size and expressed as blood flow (mL/min) per 100 gram of brain tissue. Brain volume was converted into brain mass by assuming a density of 1.06 g/mL. 25 Total brain volume was calculated by adding the volumes of cerebrum, cerebellum, and brain stem (FreeSurfer, https://surfer.nmr. mgh.harvard.edu/fswiki). In addition, normalized total brain volume was calculated relative to the intracranial volume.
Total volume of white-matter hyperintensity (WMH) in the supratentorial region was quantified on fluid-attenuated inversion recovery images using a procedure described in detail elsewhere (MRIcro, www.mricro.com). 26 First, ROI corresponding to WMH was created using a semiautomated technique that applies individually determined intensity thresholding. Second, gross manual outlining of WMH was performed to create ROI map. Third, the intersection of ROIs created from the first and second steps was identified, visually inspected, and produced the final WMH volume. To account for individual differences in head size, total volume of WMH was normalized to the intracranial volume.
All data analyses were performed blind to clinical and personal information of participants.
Statistical Analyses
Subject characteristics were presented separately for men and women. Sex-related differences in demographic and physiologic variables were examined using independent t-test. Analysis of covariance was performed to control the effect of potential covariate(s). Simple correlation between hemodynamic variables was assessed by Pearson's product moment correlation analysis. Multiple linear regression analysis was used to determine the association of cerebral hemodynamic variables with age, sex, and central hemodynamic measures. In the model, age, age squared, and sex were first entered sequentially. The curvilinear effect of age was examined due to the reported nonlinear relationships between age and central and peripheral hemodynamics, 27 and confirmed if age squared made a significant improvement in R 2 . Sex was dummy-coded as '0' for men and '1' for women. Central hemodynamic variable(s) that significantly correlated with a dependent, cerebral hemodynamic variable was subsequently entered using the stepwise method. All data are reported as mean±s.d. unless otherwise stated. All statistical analyses were performed using SPSS 17.0 (Chicago, IL, USA). Statistical significance was set a priori at Po0.05 for all tests. Table 1 presents subject characteristics in men and women. Age, heart rate, cfPWV, and carotid systolic blood pressure were not different between the groups. Height, body mass, and body mass index were smaller in women than in men. Compared with men, women showed lower diastolic and mean arterial pressure and higher carotid pulse pressure. Carotid AIx and AP were greater and 
RESULTS

Subject Characteristics
Age-and Sex-Related Differences in Cerebral Hemodynamics
Associations between age and cerebral hemodynamic variables are presented in Table 2 . Age was linearly related to the lower total CBF and mean CBFV (Figure 1a ). In addition, the lower total CBF and mean CBFV were positively correlated with each other (Figure 1b ). There were nonlinear relationships between age and the pulsatile indices of CBF, as indicated by the significant age and age squared terms. Specifically, systolic and pulsatile CBFV% showed a curvilinear elevation while diastolic CBFV% exhibited a curvilinear reduction with advancing age (Figure 2) . Figure 3 shows the key sex-related differences in cerebral hemodynamics. Total CBF was higher (53±9 versus 37±9 mL/ 100 g per minute, Po0.001) while cerebrovascular resistance was lower in women than in men. Compared with men, diastolic CBFV% was lower in women (63 ± 5% versus 65 ± 5%, P ¼ 0.02) while systolic (154±11% versus 152±10%, P ¼ 0.42) and pulsatile (91 ± 16% versus 86 ± 16%, P ¼ 0.15) CBFV% were not different. These sex-related differences in total CBF and diastolic CBFV% persisted after adjusting for the effects of age and age squared ( Table 2) .
Association between Central and Cerebral Hemodynamics
With increasing age, cfPWV (R 2 ¼ 0.60, Po0.001) and carotid pulse pressure (R 2 ¼ 0.20, Po0.001) exhibited a curvilinear elevation while carotid AIx (R 2 ¼ 0.41, Po0.001) showed a linear increase (Supplementary Figure S3) . Table 3 presents a correlation matrix of central and cerebral hemodynamic variables. Carotid pulse pressure was correlated positively with systolic and pulsatile CBFV% and negatively with diastolic CBFV%. After controlling for the effects of age, age squared, and sex, carotid pulse pressure remained as an independent predictor of systolic, diastolic, and pulsatile CBFV% (Table 2) .
To explore whether sex-related difference in diastolic CBFV% is explained by central hemodynamics, analysis of covariance was performed. Adjusting for the effect of carotid pulse pressure, AIx, AP, or relative inflection time, the difference in diastolic CBFV% became nonsignificant. Furthermore, lower diastolic CBFV% was correlated with higher carotid AIx and AP and shorter relative inflection time (Figure 4 ).
Association between White-Matter Hyperintensity and Cerebral Hemodynamics
As presented in Supplementary Figure S4 , there was a trend of increasing total volume of WMH after the age of 60 years. Thus, we performed a preliminary analysis to explore the association between WMH volume and cerebral hemodynamics in participants older than 60 years. Supplementary Table S1 presents characteristics of the selected subjects (n ¼ 24). As shown in Supplementary Figure S5 , the greater total volume of WMH was correlated with higher systolic (R 2 ¼ 0.25, P ¼ 0.01) and pulsatile (R 2 ¼ 0.38, P ¼ 0.001) CBFV% and lower diastolic CBFV% (R 2 ¼ 0.44, Po0.001). Total CBF was not correlated with the WMH volume (R 2 ¼ 0.03, P ¼ 0.42).
DISCUSSION
The major findings from the present study are as follows. First, advancing age is associated with higher pulsatility of CBF, which was accompanied by the concurrent reductions in total CBF. Second, diastolic CBF was lower while total CBF was higher in women compared with men. Third, age-and sex-related differences in CBF pulsatility were independently associated with carotid pulse pressure. Fourth, higher pulsatility of CBF was correlated with the greater total volume of WMH in older subjects. Below we discuss the potential underlying mechanism(s) as well as clinical implications of these findings.
Association between Cerebral and Central Hemodynamics
To our knowledge, this is the first study to show curvilinear elevations in the pulsatile indices of CBF with advancing age, which was further explained by the concurrent alterations in central hemodynamics. Notably, steeper changes in CBF pulsatility occurred after middle age, which also correspond accelerated changes in central hemodynamics during the similar age (Supplementary Figure S3) . 27 In addition to the greater total volume of CBF in women which has been reported in the literature, 22, 28 women showed lower diastolic CBF compared with men. Sex-related difference in diastolic CBF was further explained by the difference in central hemodynamics (i.e., carotid pulse pressure and arterial wave reflection). Therefore, these findings collectively suggest that CBF pulsatility is, at least in part, determined by the central-cerebral hemodynamic interactions. With advancing age, left ventricular afterload increases as a result of elevated total peripheral resistance and stiffer central elastic arteries. 6 Consequently, the amplitude of left ventricular ejection pressure increases during early systole which would not be dampened effectively by Windkessel function. 6 Such increase in central pulse pressure would be transmitted into the high flow, low resistance organs such as the brain and the kidney. [28] [29] [30] In support of this, our data showed that age-related increase in CBF pulsatility was accompanied by the concurrent elevations in carotid pulse pressure. Moreover, carotid pulse pressure was an independent predictor of CBF pulsatility.
Arterial wave reflections returning from the peripheral resistance vessels may augment the pulsatility of CBF yet attenuate diastolic CBF. 31 It is likely that arterial wave reflections from low resistance vascular beds, such as brain, may be small, thus CBF pulsatility would be determined mainly by wave reflections returning from other vascular beds with high resistance. 3 With increasing age, faster cfPWV may cause premature wave reflections. Also, arterial wave reflection is greater in women as observed in the present and previous studies due, in part, to shorter body height. 32 Therefore, advancing age and female sex may augment central pulse pressure, which in turn may attenuate diastolic yet elevate pulsatile CBF. Several observations from the present study support this hypothesis. First, age-related reductions in diastolic CBF and elevations in pulsatile CBF were independently associated with the concurrent increases in carotid pulse pressure ( Table 2) . Second, sex-related difference in diastolic CBF (Figure 3 ) disappeared after adjusting for the effect of carotid pulse pressure or arterial wave reflection. Third, lower diastolic CBF was correlated with higher carotid AIx and AP and shorter relative inflection time (Figure 4 ). Taken together, these data suggest that carotid pulse pressure, as well as its components including the timing and magnitude indices of arterial wave reflection, influences the pulsatility of CBF.
Clinical Implications
Advancing age is the strongest risk factor for CVD. 4 Furthermore, cerebral small vessel disease has long been hypothesized to result from mechanical insult to the microcirculation due to hemodynamic pulsatility. 33 In the present study, we conducted a preliminary analysis to explore the association between WMH and cerebral hemodynamics. White-matter hyperintensity, which represents brain injury related to cerebral small vessel disease, is an established risk factor for CVD and dementia. 34, 35 In a subset of participants older than 60 years, the greater total volume of WMH was associated with higher systolic and pulsatile CBFV% and lower diastolic CBFV% (Supplementary Figure S5) . While limited by a small sample, our observations are, at least in part, consistent with the findings by Webb et al who reported the associations of WMH with higher CBF pulsatility and lower diastolic blood pressure in patients within 6 weeks of a transient ischemic attack or minor stroke. 28 The present study further extends clinical implications of this study by showing that falling diastolic CBF and elevations in CBF pulsatility are related to the severity of cerebral small vessel disease in normal subjects without a history of transient ischemic attack and stroke. Therefore, these findings suggest that prevention and treatment of central arterial aging may attenuate the detrimental hemodynamic impact of increases in pressure and CBF pulsatility on cerebral circulation and lower the risks of CVD and cognitive impairment.
Study Strengths and Limitations
Our study is strengthened by using the noninvasive measurements of MRI and TCD to characterize cerebral hemodynamics and applanation tonometry to measure central hemodynamics in healthy human subjects. It also documented for the first time a close link between the age-related differences in the central and cerebral hemodynamics. Furthermore, our subject population was rigorously screened to exclude cerebral and cardiovascular diseases, and thus is a representation of normal aging. There are several study limitations that need to be discussed. First, CBF pulsatility was estimated from the amplitude of CBFV waveform relative to the mean value. While this method allowed a direct comparison of CBF pulsatility among individuals with different levels of CBF or CBFV, whether the relative or absolute amplitude of CBF pulsatility is more clinically relevant to brain structure and function remains to be determined. Second, arterial pressure was not measured during MR imaging. Hence, cerebrovascular resistance was calculated from arterial pressure measured under laboratory conditions. Nonetheless, PC-MRI was conducted under similar supine resting conditions as those during pressure measurements in the laboratory. In addition, a 24-hour ambulatory blood pressure further confirmed age-related differences in the laboratory blood pressure measurements. Third, sample size of the present study was small relative to the age range of the participants. Thus, small differences in the upper extreme of age may have influenced the sex-related differences in hemodynamics although these differences are still present after making statistical adjustments for age and age squared ( Table 2 ). In addition, the association between cerebral hemodynamics and WMH volume was limited by a small sample of older subjects. Thus, the results are preliminary and need to be tested using a larger sample and a more sensitive measure of white-matter damage (e.g., diffusion tensor MR imaging). 36 Finally, a crosssectional nature of the present study precludes our understanding of causal relationships among age and hemodynamic variables. Longitudinal study that assesses central and cerebral hemodynamics and brain structures in the same individuals after middle age may provide insights into the causal role of central arterial stiffness in the development of CVD.
CONCLUSIONS
To the best of our knowledge, this is the first study to show in humans that age-related increase in CBF pulsatility is independently associated with central hemodynamics. Specifically, advancing age is associated with higher systolic and pulsatile CBF and lower diastolic CBF. In addition, women showed greater total CBF but lower diastolic CBF than men. Both age-and sex-related differences in CBF pulsatility are independently associated with carotid pulse pressure and arterial wave reflection. In a subset of older participants, higher pulsatility of CBF was positively correlated with the greater total volume of WMH. These findings collectively highlight the importance of central arterial aging in age-related differences in cerebral hemodynamics and provide new insights for the understanding of physiologic mechanisms by which central arterial stiffness increases the risk of CVD. 
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